Bacterial UMP kinases are essential enzymes involved in the multistep synthesis of nucleoside triphosphates. They are hexamers regulated by the allosteric activator GTP and inhibited by UTP. We solved the crystal structure of Escherichia coli UMP kinase bound to the UMP substrate (2.3 Å resolution), the UDP product (2.6 Å), or UTP (2.45 Å). The monomer fold, unrelated to that of other nucleoside monophosphate kinases, belongs to the carbamate kinase-like superfamily. However, the phosphate acceptor binding cleft and subunit assembly are characteristic of UMP kinase. Interactions with UMP explain the high specificity for this natural substrate. UTP, previously described as an allosteric inhibitor, was unexpectedly found in the phosphate acceptor site, suggesting that it acts as a competitive inhibitor. Site-directed mutagenesis of residues Thr-138 and Asn-140, involved in both uracil recognition and active site interaction within the hexamer, decreased the activation by GTP and inhibition by UTP. These experiments suggest a cross-talk mechanism between enzyme subunits involved in cooperative binding at the phosphate acceptor site and in allosteric regulation by GTP. As bacterial UMP kinases have no counterpart in eukaryotes, the information provided here could help the design of new antibiotics.
Nucleoside monophosphate kinases are key enzymes in the metabolism of nucleotides. They represent a relatively homogeneous family of catalysts (1) thought to derive from a common ancestor. They catalyze the reversible transfer of the ␥-phosphoryl group from a nucleoside triphosphate, generally ATP, to a particular nucleoside monophosphate. The resulting nucleoside diphosphates will be further phosphorylated (and eventually reduced) to produce nucleoside triphosphates, precursors of the major biological molecules RNA, DNA, and phospholipids. Eukaryotic UMP/CMP kinases represent an exception to the otherwise generally observed specificity of NMP 1 kinases for the base moiety of the phosphate acceptor nucleotide; they phosphorylate with comparable efficiency both UMP and CMP. Conversely, bacteria possess two distinct enzymes, specific to UMP or CMP. Bacterial CMP kinases are monomers, like most NMP kinases, and their overall fold is similar to that of other enzymes of the latter family (2) . In contrast, bacterial UMP kinases are hexamers (3). They specifically phosphorylate UMP according to the scheme: UMP ϩ Mg 2ϩ ⅐ATP 7 UDP ϩ Mg 2ϩ ⅐ADP. They are activated by GTP and inhibited by UTP. This contributes to equilibrating the synthesis of purine versus pyrimidine nucleoside triphosphates.
Genes coding for UMP kinases have been identified in all bacterial genomes investigated to date. They have no closely related counterpart in eukaryotes and have proved to be essential for growth in both Gram-negative species (Escherichia coli (4, 5) ) and some Gram-positive species (Streptococcus pneumoniae (6)). They code for enzymes that have strong sequence similarity. Therefore, bacterial UMP kinases represent not only an interesting model of activity regulation but also valuable targets for antibacterial drugs.
UMP kinase from E. coli (UMPKeco) has been the most studied enzyme of the family. Overall, its regulation seems to be complex. GTP and UTP act primarily as effectors but also as weak phosphoryl donors; although the effects of these two nucleotides are widely described as allosteric, Mg 2ϩ , an obligatory actor in the phosphoryl transfer reaction, dramatically decreases the inhibition by UTP, with no apparent effect on the activation by GTP. Nevertheless, based on kinetic and fluorescence results, it has been suggested that both nucleoside triphosphates bind to the same allosteric site (7) .
A three-dimensional structure was needed for a better understanding of enzyme activity regulation. However, UMP kinase from E. coli exhibits low solubility (ϳ0.1 mg⅐ml Ϫ1 ), and many others have a low stability. This precluded for several years the determination of their crystal structure. Very recently, the UMP kinase from the hyperthermophilic archaeon Pyrococcus furiosus was crystallized, but its structure could not be solved (8) . We previously obtained by site-directed mutagen-esis a variant of UMPKeco (D159N) similar to the wild-type enzyme in its stability and kinetic properties but significantly more soluble at neutral pH. Its solubility increases with pH and in the presence of magnesium-free UTP (7) . Altogether, these properties allowed us to get crystals of UTP-complexed UMPKeco suitable for x-ray crystallography. To further investigate the phosphorylation process, we then solved the structures with the natural substrate UMP and with the reaction product UDP. In addition, we tested the role of 2 residues, which are involved in intersubunit active site contacts according to crystal structure analysis, by site-directed mutagenesis.
EXPERIMENTAL PROCEDURES
Chemicals-Nucleotides, restriction enzymes, T4 DNA ligase, VentDNA polymerase, Tfu DNA polymerase, and coupling enzymes were from Roche Applied Science, Sigma, or Qbiogene. Nucleoside diphosphate kinase from Dictyostelium discoideum (2000 units/mg of protein) was kindly provided by I. Lascu.
Bacterial Strains, Plasmids, Growth Conditions, and DNA Manipulations-General DNA manipulations were performed as described by Sambrook et al. (9) . The sequence coding for UMPKeco was amplified by the PCR method using the plasmid harboring the gene with the D159N mutation (7) as template, the Vent DNA polymerase, the dNTPs, and the following primers: 5Ј-UMPK, 5Ј-GGAATTCCATATGGCTACCAAT-GCAAAACCCGT-3Ј, and 3Ј-UMPK, 5Ј-CGGCGCTCGAGTTATTCCGT-GATTAAAGTCCCTTCT-3Ј. The PCR products were cloned at the NdeI and XhoI restriction sites of the vector pET28a. The resulting plasmid pLA 2.1.1 harboring the gene coding for UMP kinase D159N with a His tag was introduced into the E. coli strain BL21(DE3)pDIA17 (10) . The transformants were grown in the 2YT medium containing kanamycin (70 g/ml) and chloramphenicol (30 g/ml) at 37°C. When the optical density reached at least 1.5 at 600 nm, the expression of the recombinant proteins was induced by the addition of 1 mM isopropyl-␤-Dthiogalactopyranoside, and the growth was continued for an additional 3 h at 37°C. The cells were then pelleted by centrifugation and served as source for protein purification.
The double mutants D159N,T138A and D159N,N140A and the triple mutant D159N,T138A,N140A were constructed by the one-tube PCRbased mutagenesis method (11) using the plasmid pLA2.1.1 harboring the UMP kinase gene as template, Tfu DNA polymerase, the dNTPs, and the following mutagenic oligonucleotides: 3ЈUMPK N140A, 5Ј-GGTGGTAAAGAACGGGGCACCTGTACCGGCGGA-3Ј; 3Ј-UMPK T138A, 5Ј-AAAGAACGGGTTACCGGCACCGGCGGAGAGGAT-3Ј; 3Ј-UMPK T138A N140A, 5Ј-AAAGAACGGGGCACCTGCACCGGCGGAG-AGGAT-3Ј. The PCR product was cloned at the NdeI and XhoI restriction sites of the vector pET28a, giving respectively the plasmids pLA-2.1.2, pLA2.1.3, and pLA2.1.4.
Purification of UMP Kinase and Activity Assays-The different N-terminal His-tagged variants of E. coli UMP kinase overproduced in the same bacterial strain were purified by nickel-nitrilotriacetic acid affinity chromatography using the Qiagen express system (12) after sonication in a buffer containing 3 mM UTP. The UMP kinase activity was determined at 30°C (0.5 ml final volume) using a coupled spectrophotometric assay (13) . The reaction medium contained 50 mM Tris-HCl, pH 7.4, 2 mM MgCl 2 , 1 mM phosphoenolpyruvate, 0.2 mM NADH, 1 mM ATP, and 2 units each of lactate dehydrogenase, pyruvate kinase and nucleoside diphosphate kinase. The pure or crude preparation of UMP kinase was then added, followed 2 min later by 0.3 mM UMP. The decrease in absorbance at 340 nm was then recorded and corrected for secondary reactions occurring in the absence of UMP. One unit of UMP kinase corresponds to 1 mol of product formed per min. Protein concentration was measured according to Bradford (14) .
For production of the selenomethionine derivative, selenomethionine was incorporated in place of methionine, whereas the cells were growing in M9 minimum medium containing kanamycin (70 g/ml) and chloramphenicol (30 g/ml) at 37°C. When the optical density at 600 nm reached 0.5, the medium was supplemented with the amino acids lysine, threonine, and phenylalanine at 100 mg/ml and leucine, isoleucine, valine, and selenomethionine at 50 mg/ml. After 30 min, the expression was induced by the addition of 0.5 mM isopropyl-␤-D-thiogalactopyranoside for 16 h.
Ion spray mass spectra were used to check the variant proteins and the selenomethionine derivative. They were recorded on a quadrupole mass spectrometer API-365 (PerkinElmer Life Sciences) equipped with an ion spray (nebulizer-assisted electrospray) source.
Crystallization and Data Collection-Three types of crystalline complexes were studied using the histidine-tagged D159N variant: with UMP, with UDP, or with UTP. Crystals were grown at 20°C in a 50 mM Tris-HCl buffer, pH 8.5, by the vapor diffusion method. The 6-l hanging drop contained 3 mg/ml UMPKeco, the UXP ligand (5 mM for UMP and UTP, 50 mM for UDP), 0.3 M potassium sodium tartrate, 0.25% (w/v) n-octyl-␤-D-glucoside, and (with UMP or UTP) 5% (v/v) 2-methyl-2,4-pentane diol. For the UTP-containing drops, the selenomethionine derivative of the enzyme was used in the presence of 5 mM dithiothreitol. The drop contained ADPNP in the case of UMP-(25 mM, in the presence of 25 mM MgCl 2 ) and UTP-containing complexes (5 mM), but this ATP analogue was not seen later in the corresponding electron density maps. Drops were equilibrated with a reservoir solution containing the precipitant sodium/potassium tartrate (1.7 M with UMP, 1.3 M with UDP, 1.1 M with UTP). Good quality crystals only appeared when the crystallization drop was in contact with the vacuum grease otherwise used for airtightness (with the exception of a unique UDP crystal). They were allowed to grow for several weeks before data collection. Prior to data collection, they were transferred to a cryoprotectant solution (consisting in reservoir solution supplemented with 35% (v/v) glycerol) during 3 min and then frozen in liquid ethane. Data were collected at 100 K on the European Synchrotron Radiation Facility (ESRF) in Grenoble, France, beamline BM30A, for crystals with UDP or UTP and beamline ID14-2 for the crystal with UMP. With UTP, the absorption edge of selenium was determined from fluorescence emission scans, and a data set was collected at the peak wavelength of selenium. All crystal systems are rhombohedral, space group R3, with two molecules per asymmetric unit. Data were processed with DENZO and scaled and reduced with SCALEPACK (15) .
Structure Solution, Model Building, and Refinement-The first structure solved was that with UTP, using the single-wavelength anomalous dispersion method. The data were used in a single-wavelength anomalous dispersion routine implemented in the SOLVE/RESOLVE program suite version 2.03. SOLVE (16) was used to find the selenium sites, taking into account the calculated solvent content of 45%. This led to the location of 12 of the 22 expected selenium atoms. Then statistical density modification and automated model building was done using RESOLVE (17) , and refinement of the built model was done using REFMAC (18) . This allowed constructing 116 of the 241 UMPKeco residues for molecule A and 121 for molecule B. Other residues were then hand-constructed. The structures of UMP-and UDP-UMPKeco complexes were solved by molecular replacement at 3.5 Å resolution with AMoRe (19), using only the protein part of the UTP-UMPKeco model. In both cases, a clear density immediately appeared for the nucleotide.
Models were built using TURBO (20) . CNS (21) version 1.1 was used for refinement, which was monitored using a free R factor. In all cases, simulated annealing was initially used, as well as non-crystallographic constraints. Then the two molecules of the asymmetric unit were refined as different models, using individual B factors. In the final steps, we placed water molecules in residual density above 2.5 standard deviations. The final models contain two polypeptide chains A and B corresponding respectively to each of the two molecules from the asymmetric unit. A few residues (2-4, depending on the ligand and the chain) at the N-terminal end and residue 26 from molecule B were missing. For the UMP-containing complex, this is also the case of residues 176 -178 in molecule A and for the UTP-containing complex of residue 112. Models were superposed with the procedure implemented in O (22) with defaults, and the relevant root mean square deviations for C␣ atoms were calculated using O or DALI. The Protein Data Bank codes of the E. coli UMPK complexes are 2BNE with UMP, 2BND with UDP, and 2BNF with UTP.
RESULTS
Overall Fold and Quaternary Structure-The selenomethionine-substituted D159N variant of UMPKeco in complex with UTP crystallized in the rhombohedral system, space group R3, with two molecules per asymmetric unit. The structure was solved at 2.45 Å resolution in a single-wavelength anomalous dispersion experiment. The crystals of the enzyme complexed to UMP (2.3 Å resolution) or to UDP (2.6 Å resolution) were obtained in the same space group. Corresponding structures were solved by molecular replacement using the UTP-UMPKeco model. All three structures are very similar (root mean square deviation (r.m.s.d.) for all C␣ atoms of 0.48 Å when comparing the UMP structure with that of UDP and of 0.76 Å when comparing the UMP structure with that of UTP), and their stereochemistry is good as indicated by Ramachandran plots. Information on data collection, processing, refinement, and model statistics is given in Table I .
As expected, the enzyme is a hexamer. The UMPKeco subunit has an open ␣/␤-fold (Figs. 1 and 2A) composed of nine ␤-strands and eight ␣-helices. All the ␤-strands constitute a unique, mainly parallel ␤-sheet; at increasing distances from the ␣3 helix (pink), strands 4, 3, 5, 2, 1, 6, and 8 are parallel. This ␤-sheet is sandwiched between two layers of respectively three (␣1, ␣3, ␣8) and four (␣4, ␣5, ␣6, ␣7) ␣-helices. The fold also contains the external helix ␣2, and a 3-10 helix, 1.
The largest buried surface between two neighbor monomers of the hexamer is found between the two subunits (named A and B) of an asymmetric unit, which are related by a noncrystallographic two-fold axis (Fig. 2B) . The global structure of these two subunits is nearly identical; r.m.s.d. between A and B is 0.81 Å on 233 equivalent C␣ atoms (UMP-UMPKeco model). Slightly different positions are observed for the ␣6 and ␣7 helices, for the loop connecting them, and also for the loop between ␤6 and ␤7. The dimer formation buries a surface of ϳ2500 Å 2 (taking into account the sum of the buried surfaces of the two monomers), corresponding for each subunit to ϳ11% of its total surface. The interface is mostly hydrophobic but also involves two hydrogen bonds connecting the head-and-tail ␣3 helices through residues Asn-72 and Asp-93. This helix is by far the longest of the molecule (25 residues) and forms most of the dimer interface, the remaining part of which is mainly represented by the N-terminal side of ␣1 and the C-terminal side of ␣2.
The three-fold axis of the rhombohedral crystal system applied to the dimer generates a hexamer with a central channel.
The interactions between two neighbor dimers are less extended (buried surface ϳ1430 Å 2 , corresponding to ϳ6.5% of the surface) than those between two subunits of a dimer. They mostly involve hydrophobic interactions (mainly with residues from ␣3, ␣5, or ␣7), but also hydrogen bonds; the main-chain oxygen of Thr-138 from one subunit is H-bonded with the side-chain nitrogen of Asn-140 from the neighbor subunit (Fig.  2D ). These 2 residues also interact with the base moiety of UMP. As this creates a cross-talk path between the active sites of two neighbor dimers, we call the loop ( Fig. 2A, green) containing these 2 residues the cross-talk loop.
Comparison with Other Proteins of Known Three-dimensional Structure-The fold of NMP kinases, including bacterial CMP kinases, contains three structurally distinct domains. The ␣/␤-CORE domain, a parallel ␤-sheet surrounded by connecting ␣-helices, is used as a rigid platform around which the LID and NMP-binding domains move in an induced-fit mechanism, closing upon the phosphate donor and acceptor nucleotides, respectively. This allows the phosphoryl transfer reaction to proceed (23) . The majority of NMP kinases are monomers, with a molecular mass around 25 kDa. The UMPKeco subunit molecular mass (25.8 kDa) is close to that of monomeric NMP kinases, but its fold is not related to any other member of that family of enzymes. A search for structural homologues of the UMPKeco subunit in the Protein Data Bank using the program DALI (24) confirmed the absence of similarity with other NMP kinases. It returned two proteins of the carbamate kinase-like superfamily (25) , with a Z-score of 19 (other proposed proteins had significantly lower Z-scores: less than 8). Both are dimeric kinases. The first one is the carbamate kinase from the extremophile P. furiosus (CBMK, Protein Data Bank access codes 1b7b and 1e19), with an r.m.s.d. of 4.0 Å over 212 equivalent ␣-carbons. Many of the secondary structure elements are equivalent, but there are striking differences. When compared with UMPKeco ( Fig. 1) , carbamate kinase has two additional insertions: a very long one of 50 residues (between ␤4 and ␣4 from UMPKeco), including three antiparallel ␤-strands and an ␣-helix (26), and a shorter one of 9 residues after Asp-146, forming a ␤-strand. The second structurally homologous protein is the N-acetyl glutamate kinase from E. coli (NAGK, Protein Data Bank code 1gs5). Its structure is more similar to that of UMPKeco (r.m.s.d. 2.6 Å on 202 C␣ atoms). However, there are important differences; NAGK contains three ␤-hairpins (Fig. 3, orange) close to the phosphate acceptor that have no equivalent in UMPKeco. As a result, whereas both enzymes have the same number of ␣-helices, the former one contains almost twice as many ␤-strands (16 (27) , as opposed to only 9 for UMPKeco).
Although there is a clear parenthood between NAGK and UMPKeco monomers, their quaternary structure assembly is fairly different. In the dimer of UMPKeco observed in the asymmetric unit, the axes of the two long ␣3 helices (Fig. 2B,  pink) are parallel. Conversely, in the NAGK dimer, the axis of the longest helix situated at the interface and equivalent to ␣3 (Fig. 3B, pink) makes an angle of ϳ65°with that of its counterpart in the neighbor monomer. It is worth noting that the CBMK dimer is arranged very much like that of NAGK. The two latter kinases have therefore close quaternary structures that contrast with that of UMP kinase.
Binding of Ligands in the Phosphate Acceptor Cavity: The UMP Substrate, the Reaction Product UDP, or the Magnesium-free UTP Inhibitor-The interactions between E. coli UMP kinase and UMP are shown on Fig. 4A . Those with uracil involve 2 residues from the cross-talk loop: Thr-138, which makes a bidentate interaction with the carbonyl 04 oxygen, and Asn-140 which is H-bonded to Asn-3 from the uracil ring. The 2ЈOH from the ribose makes hydrogen bonds with the main-chain nitrogen of Gly-63 and with the sidechain oxygen of Asp-77. All three terminal oxygens of the ␣-phosphate interact with enzyme residues: with a terminal nitrogen of Arg-62 side chain; with both the side-chain oxygen and the main-chain nitrogen of Thr-145; and with the glycines 57 and 58. Thus, as is the case for other NMP kinases, several conserved amino acid residues interact with the phosphate acceptor to allow the simultaneous recognition of its base, sugar, and phosphate moieties.
The interactions between the enzyme and the uracil, the ribose, or the ␣-phosphate from UDP (not shown) are very
FIG. 1. Sequence alignment of UMPKeco with other kinases. Alignment with the amino acid sequences of bacterial UMP kinases from
Haemophilus influenzae (Hi) and B. subtilis (Bs), the N-acetyl glutamate kinase from E. coli (NAGK-Ec), and the carbamate kinase from P. furiosus (CBMK-Pf) is shown. A column is framed in red when residues are identical and boxed when at least 4 of its residues (red) are homologues. Correspondence between the amino acid sequence and the secondary structure defined by DSSP (36) is given on top for UMPKeco; helices are shown in blue (except the longest one ␣3, emphasized in pink), and ␤-strands are shown in orange. Residues interacting with UMP are indicated by a magenta asterisk at the bottom, those that in addition interact with UDP and UTP are indicated by green triangles, and those from the cross-talk loop are indicated in green. The figure was drawn with ESPript (37). similar to those with UMP. Gly-58 binds the ␤-phosphate instead of the ␣-phosphate with the nucleoside monophosphate. The other interactions with the ␤-phosphate (Fig. 5A) involve the side chain of Arg-62, and in addition, 3 residues that are very close in the sequence: Lys-15, a residue essential for catalytic activity 2 through its terminal nitrogen; Ser-17 (only for one molecule of the asymmetric unit) through its side-chain oxygen; and Gly-18.
The UTP molecule is bound in the phosphate acceptor site, similar to UMP and UDP except for slight differences in the nucleotide conformation. Thus, the nucleoside triphosphate inhibitor binds in the active site and not in an allosteric site presumably distant from it, as was suggested by previous publications (3, 6, 7) . Overall, the enzyme-UTP interactions (Fig.  4B) are very similar to those observed in the UMPKeco-UDP complex. A noticeable difference is that for one molecule of the asymmetric unit, the side chain of Thr-144 is H-bonded to the ␣-phosphate. The residues interacting with the ␥-phosphate are Lys-15, (which also binds the ␤-phosphate), and Ser-17.
Substitution by Site-directed Mutagenesis of Thr-138 or Asn-140 Affects the Stability and Kinetic Properties of UMPKeco-
Structure analysis of E. coli UMP kinase suggests that the 2 residues Thr-138 and Asn-140, conserved among bacterial UMP kinases, are involved in cross-talk between two adjacent active sites in the hexameric structure. We therefore expected that substituting these residues by a hydrophobic side chain would disrupt the communication between active sites in the oligomer and consequently disturb some of the regulatory properties and kinetic parameters. As shown in Table II , individual substitution of either of these two amino acids by an alanine decreases the half-denaturation temperature (T m ) of UMP kinase by around 10°C. Substituting Thr-138, the side chain of which is H-bonded to uracil, results in a four times higher K m for UMP. In contrast, this K m is not altered by the mutation of Asn-140, a residue that only binds uracil through its mainchain carbonyl. Both of these two single-residue mutations induce a moderate loss of sensitivity to UTP inhibition and an important loss in activation by GTP. Simultaneous substitution of Thr-138 and Asn-140 with alanine decreases the T m of the parent molecule by 25°C and increases the apparent K m for ATP or UMP by a factor of 2.6 and 12, respectively. For all variants, the V m value remains unchanged or moderately changed. It suggests that each monomer conserved its threedimensional structure and that the decrease in thermal stability results from a weakening of the quaternary structure. In parallel, its three-dimensional structure is unrelated to that of other NMP kinases. This is in accordance with the fact that bacterial UMP kinases do not share significant sequence similarity with other NMP kinases. Indeed, they are closer to other phosphotransferases like aspartokinases (around 30% sequence identity) for which no crystal structure is known, and to a lesser extent (less than 20% sequence identity), to N-acetylglutamate kinases or carbamate kinases. The monomer fold of UMPKeco is close to that of NAGK and CBMK, which suggests that these three kinases derive from a common ancestor. The latter kinase is the less homologous to UMPKeco as it contains a large insertion of around 50 residues that forms a supplementary protruding subdomain involved in dimer interface (26) . NAGK is structurally closer but accommodates a very different phosphate acceptor substrate. In accordance, this kinase contains, in the vicinity of the phosphate acceptor, three supplementary ␤-hairpins (Fig. 3, orange) involved in dimer formation and N-acetyl-glutamate binding (27) . NAGK is a homodimer with no documented allosteric regulation, whereas all studied bacterial UMP kinases are hexamers with an allosteric regulation. In accordance, the quaternary structures are fairly different. The dimer assembly in NAGK (and CMBK) contrasts with that observed for the dimer constituted by the two molecules of an asymmetric unit in UMPKeco crystals. Moreover, in the hexamer of the latter kinase, the interface of two neighboring dimers, and in particular, the cross-talk loop (Fig. 3A, green) , corresponds to the zone of supplementary ␤-hairpins in NAGK. As a result, a hexameric assembly similar to that observed in UMPKeco is totally incompatible with the structure of the NAGK (or CBMK) subunit. Therefore, it appears that evolution modified bacterial UMP kinases to allow their typical hexameric packing. This quaternary structure is required for allosteric regulation, as indicated by site-directed mutagenesis of residues from the cross-talk loop involved in subunit contacts (Thr-138 or Asn-140), which decreases the activation by GTP.
Specificity for the Phosphate Acceptor Substrate-Unlike eukaryotes, bacteria use two different enzymes that separately phosphorylate UMP and CMP. How does UMPKeco achieve UMP specificity? This substrate is accommodated in a rather short cavity, which seems too small for purine nucleobases, thus reducing the specificity problem to the pyrimidines. This contrasts with the eukaryotic UMP/CMP kinases from yeast (28) and slime mold (29), the crystal structures of which show a cavity for the phosphate acceptor that is large enough for purine nucleotides to enter. The discrimination between UMP and CMP, characteristic of bacteria, must be related to the two chemical differences between their base moieties. The first difference is the fact that the N3 nitrogen is bound to a hydrogen atom in uracil. This allows the hydrogen bonding observed with the main-chain carbonyl of Asn-140 from the enzyme. The second difference is the presence of the O4 carbonyl on the base ring from UMP (instead of an amino group in CMP). This carbonyl is H-bonded with the main-chain nitrogen of Thr-138. These interactions could not take place with cytosine. Overall, the discrimination between the two nucleoside monophosphates involves main-chain H-bonded atoms. This contrasts with bacterial CMP kinases that achieve this discrimination through side-chain atoms (30) .
In the structures published here, the 2ЈOH interacts with 2 residues. The first one is an aspartate (Asp-77), as frequently observed for ribose-NMP kinases interactions. Site-directed mutagenesis of this residue greatly increases the K m for UMP and lowers the V max (31) . The second one is a glycine (Gly-63), a residue rarely encountered in nucleotide kinase-ribose interactions. The hydrogen bond it establishes here is favored by that mentioned above with Asp-77. The presence of the bidentate interaction with the 2ЈOH and the absence of interaction with the 3ЈOH could explain the inability of UMPKeco to phosphorylate 2Ј-deoxy-UMP. Conversely, E. coli CMP kinase, which interacts with the 3ЈOH of the CMP ribose, efficiently phosphorylates 2Ј-deoxy-CMP.
Insights into Phosphate Transfer-At present, there is no known structure of UMPKeco bound to the phosphate donor ATP or its analogues. However, although the fold of the enzyme subunit differs from that of its structural homologue NAGK in the phosphate acceptor site, the remaining parts of the two proteins are very similar. Therefore, their phosphate donor binding sites should be equivalent. When the structures of UMP-UMPKeco and ADPNP-NAG-NAGK are superimposed (Fig. 3A) , the UMP position is close to that of the N-acetyl-glutamate (NAG), and its ␣-phosphate points toward the ␥-phosphate of the non-hydrolyzable ATP analogue ADPNP. Although the ␣5 helix from UMPKeco has a position very close to that of its NAGK counterpart, the neighboring helices ␣6 and ␣7 are less well superposed. In particular, the ␣6 position results in a more open putative ATP binding site. In the crystal structure, it adopts different positions in the two monomers of an asymmetric unit, suggesting that it could be mobile. The loop connecting ␣6 and ␣7 (Fig. 3A , magenta loop over the ATP analogue) is in a position that would result in clashes between the side chain of Lys-198 and the adenine moiety of the putative ATP. However, its high B factors and its relatively weak electronic density indicate that this loop is mobile. These signs of mobility also apply to the loop connecting ␤6 and ␤7 (Fig.  3A , magenta, at the bottom of ADPNP), which forms the other side of the putative phosphate donor binding cleft. We suggest that ATP binding could imply a shift of these loops and a closure of the ␣6 helix upon the phosphate donor. As shown in Fig. 5A , the Asp-201 residue from the loop connecting ␣6 and ␣7 helices is in a favorable position to bind the catalytically essential magnesium ion coordinated to the ATP analogue. It also applies to Asp-146 from the ␣5 helix. Substitution of any of these 2 aspartate residues dramatically decreases k cat (31) .
Many proteins that bind ATP have a type A Walker sequence motif (G/A)XXXXGK(T/S). In particular, most NMP kinases contain a classical mononucleotide binding fold with a sequence pattern GXXGXGK (32), corresponding to a phosphate binding loop close to their N-terminal end. This catalytic motif protects the phosphate transferred from the donor ATP from water. In the structure of UMPKeco bound to UDP, 3 residues that are very close in sequence (Lys-15, Ser-17, and Gly-18) are involved in the binding of the ␤-phosphate (Fig. 5A ). They are conserved among bacterial UMP kinases. Lys-15 and Gly-18 residues are homologous to Lys-8 and Gly-11 from NAGK, which interact with the ␥-phosphate in the structure of the latter kinase complexed to NAG and ADPNP. It has also been reported that Lys-8 stabilizes the transition state (33) . Moreover, the side chain position of Lys-15 in UMPKeco structure is similar to that of Lys-8 in NAGK. The Lys-15, Ser-17, and Gly-18 residues from UMP kinase probably help transfer the phosphate exchanged during catalysis, playing the same role as those of a canonical phosphate binding loop. However, they are not included in such a loop as Lys-15 is included in the first Nterminal ␤1 strand and Gly-18 is included in the subsequent 1 helix.
Enzyme Activity Regulation-Based on previous kinetic and fluorescence studies on E. coli UMP kinase, it has been suggested that UTP binds with high affinity to the allosteric site under Mg 2ϩ -free form (3) . Recent biochemical studies on UMP kinases from the Gram-positive bacteria Bacillus subtilis (34) and S. pneumoniae (6) also suggested that this nucleoside triphosphate acts as an allosteric inhibitor. Thus, it was a surprise to see in our crystal structure UTP bound in the phosphate acceptor site. In fact, it is the first time that a nucleoside triphosphate can be accommodated on the acceptor site of a NMP kinase. This shows that the inhibition by UTP is of competitive nature, in agreement with those experiments in which an excess of UMP reverses the inhibiting effect of magnesium-free UTP (7). It could be hypothesized anyway that there is a second binding site for UTP, distinct from the active site, which happened not to be bound in our crystallization conditions. However, the unusual selectivity for magnesiumfree UTP on the phosphate acceptor site seen in the structure is in accordance with the biochemical data on inhibition by this nucleotide. This suggests that the UTP binding site observed here is equivalent to the allosteric site previously proposed; UTP binding in the phosphate-acceptor binding site could in turn induce cooperative effects. The decrease of UTP inhibition observed with the substitution of Asn-140, the side chain of which does not interact directly with the nucleoside triphosphate, could be related to the loss of the previously described cooperativity in UTP binding (3) .
Why is magnesium-bound UTP unable to inhibit the enzyme a T m is the temperature of half-inactivation. Purified UMP kinase variants diluted at 1 mg/ml in 50 mM Tris-HCl (pH 8.5) and 100 mM NaCl were incubated for 10 min at various temperatures between 35 and 80°C, and then samples diluted with the same buffer were tested for residual activity as indicated under "Experimental Procedures."
b The apparent K m for ATP and UMP was determined at a single fixed concentration of co-substrates (1 mM). The V m was calculated by extrapolating the reaction rates for infinite concentrations of ATP and UMP and by assuming that the concentration of a nucleotide substrate does not affect the apparent K m of the second one.
c I 50 corresponds to the concentration of UTP at which half-inhibition was observed, at fixed ATP (1 mM) and UMP (0.05 mM) concentrations. d The activation by GTP (0.5 mM) is the ratio of velocities in the presence or absence of GTP. It was determined at a single concentration of ATP and UMP (1 mM each).
activity? In the structure with UTP, a water molecule (Fig. 5B,  red) is H-bonded to the ␣-and ␥-phosphates, to the main-chain nitrogen atom of Asp-146, and to the side-chain oxygen of Thr-145. The distances and geometry with these neighbors are in accordance with the identification of the electronic density to a water molecule. Nucleoside triphosphates are often stabilized by a magnesium ion, interacting with two or three of the phosphates, which plays a catalytic role in phosphate transfer (35) . We suggest that the water molecule shown in Fig. 5B occupies a position equivalent to that of the bound magnesium atom in Mg-UTP. Therefore, a possible hypothesis is that magnesium-bound UTP could not be accommodated in the phosphate acceptor binding site of the enzyme as the vicinity with the main-chain NH of Asp-146 and with Lys-15 (probably positively charged) would have a repulsive effect toward the magnesium ion. It is conceivable that evolution avoided such a binding, which could facilitate the loss of the ␥-phosphate toward a facing nucleotide acceptor or water, a reaction counterproductive for inhibition. When bound to magnesium, UTP is no more an inhibitor but behaves as a phosphoryl donor (although much weaker than ATP) that binds in the phosphate donor site (3).
